The orientation and motion of a model lysine-terminated transmembrane polypeptide were investigated by Molecular Dynamics simulation. Recent 2 H NMR studies of synthetic polypeptides with deuterated alanine sidechains suggest that such transmembrane polypeptides undergo fast, axially symmetric reorientation about the bilayer normal but have a preferred average azimuthal orientation about the helix axis. In the present work, interactions that might contribute to this behavior were investigated in a simulated system consisting of 64 molecules of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and one α-helical polypeptide with the sequence acetyl-KK-(LA) 11 -KK-amide. In one simulation, initiated with the peptide oriented along the bilayer normal, the system was allowed to evolve for 8.5 ns at 1 atmosphere of pressure and a temperature of 55˚C. A second simulation was initiated with the peptide orientation chosen to match a set of experimentally-observed alanine methyl deuteron quadrupole splittings and allowed to proceed for 10 ns. Simulated alanine methyl group orientations were found to be inequivalent, a result that is consistent with 2 H NMR observations of specifically-labeled polypeptides in POPC bilayers. Helix tilt varied substantially over the durations of both simulations. In the first simulation, the peptide tended toward an orientation about the helix axis similar to that suggested by experiment. In the second simulation, orientation about the helix axis tended to return to this value following an excursion. These results provide some insight into how interactions at the bilayer surface can constrain reorientation about the helix axis while accommodating large changes in helix tilt.
INTRODUCTION
The orientations and dynamics of various transmembrane polypeptides and transmembrane segments of membrane-associated proteins have been investigated using both 15 N and 2 H solid-state NMR techniques (Jones et al., 1998; Morrow and Grant, 2000; Wang et al., 2000; and Harzer and Bechinger, 2000; Sharpe et al., 2001; Sharpe et al., 2002; van der Wel et al., 2002) . In 2 H NMR observations of particular polypeptides modeled on the transmembrane segment of epidermal growth factor receptor (Jones et al., 1998 , Morrow and Grant, 2000 , Sharpe et al., 2001 , the magnitudes and inequivalence of splittings from methyl group deuterons on alanines at different positions along the helix showed that the polypeptides were tilted and undergoing rapid axially symmetric reorientation about the bilayer normal while also maintaining a preferred orientation about the helix axis.
Similar results were obtained for polypeptides having a more uniform hydrophobic sequence consisting of alternating alanines and leucines terminated by two lysines at each end (Sharpe et al., 2002) . Polypeptides of this type have been labeled as KALP polypeptides by Killian and coworkers (de Planque et al., 1999; Strandberg et al., 2002; Morein et al., 2002; Killian, 2003) .
2 H NMR observations of labeled alanine methyl groups on these polypeptides were consistent with reorientation of the tilted helix about the bilayer normal with a correlation time of ~10 -7 s (Sharpe et al., 2002) . The existence of a preferred average orientation about the helix long axis appears to be consistent with observations on other transmembrane polypeptides (Jones et al., 1998; Wang et al., 2000) . The fact that each deuterated alanine residue gave rise to a unique splitting ruled out the possibility of slow exchange among two or more orientations of the polypeptide about its helix axis, a situation that would have given rise to a superposition of doublets with different splittings. NMR observations of deuterated alanines along a tryptophan-anchored α-helix of alternating alanines and leucines (WALP 19) have also indicated an intrinsic tilt and preferred orientation about the helix axis (van der Wel et al., 2002) .
While NMR experiments can indicate the average orientation and dynamics of the polypeptide over the timescale characteristic of the 2 H experiment, they do not provide much information concerning fluctuations about the average orientation on shorter timescales. For tilted polypeptides with a preferred orientation about the helix axis, the amplitude of motions that allow the polypeptide to sample a range of orientations about a preferred orientation might have a significant effect on the accessibility of particular regions of the polypeptide surface to other polypeptides in the membrane. Knowledge of transmembrane polypeptide dynamics may thus have some general relevance to understanding of helix-helix interaction.
The 2 H NMR observations of Sharpe et al. (2002) show that axially symmetric reorientation of the tilted polypeptide about the bilayer normal is fast on the ~10 -5 s characteristic time of the 2 H NMR experiment. Molecular dynamics simulations are not typically of sufficient duration to show the kind of motion that is presumed to be responsible for axially symmetric averaging of the quadrupole interaction on this timescale. Such simulations can, however, display rapid small amplitude motions that modulate the quadrupole interaction about its average. While these may have little direct effect on the observed quadrupole splittings, such motions can give insight into interactions that are relevant to the adoption of a preferred tilt and azimuthal orientation.
They can also give some insight into whether such motions might affect the accessibility of particular portions of the helix surface to peptide-peptide interaction. Petrache et al. (2002) used molecular dynamics to study five tryptophan-terminated alternating alanine-leucine polypeptides (WALP polypeptides) of different lengths in dipalmitoyl phosphatidylcholine and dimyristoyl phosphatidylcholine bilayers. They found helix tilts ranging from 10º to 20º. The tilt obtained in the simulation depended on the arrangement of the tryptophan pairs about the helix axis and did not vary monotonically with helix length. They also reported large variations in instantaneous tilt over the durations of the simulations.
We have carried out molecular dynamics simulations of the polypeptide Ac-KK-(LA) 11 -KK-amide in a POPC bilayer using two different starting conditions. This peptide is one of those for which quadrupole splittings of selectively deuterated alanine methyl groups indicated orientational inequivalence of alanine residues along the helix backbone within the bilayer interior (Sharpe et al., 2002) . The first simulation starts with the polypeptide aligned along the bilayer normal and follows the development of helix tilt with respect to the bilayer normal as the simulation proceeds for 8.5 ns. This simulation provides some insight into how alanine methyl group orientation, with respect to the bilayer normal, couples to helix tilt and polypeptide orientation about the helix axis.
The 8.5 ns duration of the first simulation may not have been sufficient for the polypeptide to relax to the orientation implied by the experimentally observed alanine methyl deuteron quadrupole splittings. For this reason, a second simulation was run with the initial polypeptide tilt and orientation about the helix axis chosen to match the experimentally observed splittings given the assumption of fast reorientation about the bilayer normal. The way in which the simulated polypeptide departed from this initial orientation over the course of the subsequent 10 ns simulation provides further insight into the interactions that give rise to the adoption of the experimentally observed polypeptide orientation.
METHODS

Initial Bilayer Preparation
An L α -phase POPC membrane structure was obtained from previously reported molecular dynamics results for runs at constant number, pressure, area and temperature (NPAT) on a bilayer composed of 72 POPC lipids (36 in each monolayer) at low hydration (approx. 13.5 waters per lipid) (Feller et al., 1997; Armen et al., 1998) . The system contained about 970 water molecules in total and the simulation cell dimensions were 48 Å x 48 Å x 51.58 Å. The water layer thickness required for full hydration is approximately 13 Å. In order to achieve this in the current work, patches of TIP3 water (Jorgensen et al., 1983) were placed directly above and below the bilayer. A spacing of 3 Å was initially left between the existing water and the patches to ensure no bad contacts between the added patches of water molecules and the existing layer. An X-plor format psf file (Brünger et al., 1992) of the system was then built using the psfgen construction tool included with the NAMD2 (Nelson et al., 1996; Kalé et al., 1999 ) MD simulation
package. An all-atom model was employed in accordance with the CHARMM 27 topology and parameter files (Mackerell et al., 1998; Schlenkrich et al., 1996) . The final system contained 37.5 waters/lipid headgroup corresponding to a water concentration of phase at the target temperature (328 K) and ambient pressure.
Simulations were carried out on an IBM RS/6000 SP1 and a SGI Onyx 3400. The NAMD2 package (Nelson et al., 1996; Kalé et al., 1999) was used for simulations while MD trajectory progress, visualization, and analysis were carried out using VMD on a pentium class computer running Linux 2.4 and an SGI Onyx 3400. Simulation conditions were as follows. To satisfy the condition of constant pressure, the system was coupled, at all times, to a 1 atm pressure bath using the NoseHoover Langevin piston method (Feller et al., 1995) . A splitting function with a cutoff of 12 Å was used for separation of long and short range electrostatic interactions. A cutoff of 12 Å was also employed for calculating Van der Waals interactions and a switching function was used to relax the van der Waals potential to zero over a distance of 2 Å.
Pair list distance was set at 13.5 Å and a hydrogen group based cutoff was set at 3 Å.
Periodic boundary conditions were employed in all cell dimensions and the Particle Mesh Ewald (PME) method (Darden et al., 1993) was used for full evaluation of electrostatic interactions. Typically 8 processors were used during MD simulations. The SHAKE algorithm (Ryckaert et al., 1977) was used to constrain all bonds between hydrogens and heavy atoms with a tolerance of 10 -5 Å.
The bilayer system was prepared by first coupling it to a thermal bath at 100 K (Brünger, 1992) and allowing the system cell to fluctuate in all dimensions. The physical gaps between the original and added water layers disappeared after 50 ps of simulation.
The system was then subjected to 13000 steps of conjugate gradient minimization with a tolerance of 0.0005. The equilibration process was then initiated by weak coupling to a thermal bath at 328 K. Following 600 ps of simulation, a variety of bilayer properties were measured to ensure that the system had approached equilibrium.
Polypeptide Construction
The polypeptide CH 3 CO-KK-(LA) 11 -KK-CO-NH 2 is expected to be α-helical in the membrane environment and peptide was prepared with this initial conformation.
Observations reported by Zhang et al. (1995) confirm α-helical geometry for a twelve subunit LA segment embedded in a bilayer membrane. The helical peptide used in the simulation was constructed using MOLDEN (Schaftenaar et al., 2000) . All side chain dihedral angles were chosen from the backbone dependent rotamer library for proteins (Dunbrack and Karplus, 1993) . After construction, the polypeptide was subjected to 3500 steps of conjugate gradient energy minimization. Minimization of the protein conformational energy was completed in four stages similar to those described by Belohorcová et al. (1997) . In the first 500 steps, dihedrals were restrained using a restraint potential with an energy constant of 50 kcal/mol. The C β positions of the alanine residues and the C β and C γ positions of the leucine and lysine residues were initially held fixed. In the next 500 steps, dihedrals were restrained using a restraint potential with an energy constant of 25 kcal/mol. The C β positions of the alanine residues and the C β and C γ positions of the leucine and lysine residues were harmonically restrained with a force constant of 25 kcal/(mol Å 2 ). In the next 500 steps, dihedrals were restrained using a restraint potential with an energy constant of 5 kcal/mol. The C β positions of the alanine residues and the C β and C γ positions of the leucine and lysine residues were harmonically restrained with a force constant of 5 kcal/(mol Å 2 ). Over the final 2000 steps of the protein minimization procedure, there were no restraints on side chain dihedrals nor harmonic restraints on atomic positions.
These measures were used to ensure that the peptide remained α-helical during energy minimization. The polypeptide was then aligned with its long axis oriented along the z-direction by diagonalization of the moment of inertia tensor followed by application of appropriate rotations.
Lipid-Peptide System Preparation and Construction
Following equilibration of the bilayer, 4 lipid molecules were removed from the upper and lower leaflets respectively. The system was then coupled to a weak repulsive cylindrical potential which forced lipids outward to allow the bilayer to accommodate the polypeptide. The simulation parameters were as described above. The PME technique was used for evaluating electrostatic forces without truncating long range forces. The PME technique requires that the periodic cell charge be zero. To counteract the 4 charged lysine side chains, Cl -ions were added to the system by randomly removing 2 water molecules from the upper and lower water layers (Pandit and Berkowitz, 2002) . The helix was initially held fixed while the cylindrical potential was relaxed. Over a period of 208 ps the lipids completely enclosed the polypeptide. Following this preparation, the simulation was allowed to proceed for a total duration of 8.5 ns including equilibration and dynamics.
A second simulation was run with the initial orientation of the polypeptide chosen to match that inferred from NMR observations of the corresponding polypeptide deuterated on selected alanines. This orientation was found by optimizing the fit to quadrupole splittings observed for methyl deuterons on alanine residues 14 and 16 and to the set of splittings observed from the same polypeptide simultaneously deuterated on the alanine methyls of residues 8, 10, 12, 14, 16, 18 and 20. The association of splittings with a particular orientation was done under the assumption of rapid axially symmetric reorientation of the polypeptide about the bilayer normal. The initial polypeptide conformation and preparation were as for the first simulation. The polypeptide, with its orientation matched to the experimentally observed quadrupole splittings, was inserted into the equilibrated bilayer as described previously. After the lipids had again enclosed the polypeptide, the simulation proceeded in the same way as for the first simulation. The total time for the second simulation was ~10 ns.
RESULTS AND DISCUSSION
Bilayer Peparation
The root mean squared displacement (RMSD) of molecular coordinates with respect to the starting configuration is given by Prior to insertion of the peptide, the average distance between phosphates on opposite sides of the bilayer fluctuated slightly about 39.5 Å over the course of the simulation. Comparison with observations of liquid crystalline DOPC and DPPC (Weiner and White, 1992; Nagle and Tristram-Nagle, 2000) suggests that the simulation generates a reasonable bilayer thickness for peptide-free POPC bilayers.
Simulation 1: polypeptide initially oriented along the bilayer normal
After the bilayer was prepared as described above, the polypeptide was first inserted into the bilayer with its helix axis oriented along the bilayer normal. The trajectory following from this initial polypeptide orientation will be referred to as Simulation 1.
The filled symbols in Figure 2 show that addition of the transmembrane polypeptide segment induced a small but significant increase in the average orientational order of both lipid chains. This peptide-induced increase in acyl chain orientational order is consistent with the results of previous experimental and simulation studies of bilayers containing helical polypeptides (Subczynski et al., 1998; Belohorcová et al.1997) .
During the first 7 ns following insertion of the peptide, the average phosphate-phosphate separation increased from ~39.5 Å to ~43Å and then decreased to ~41Å over the next 1.5
ns. The duration of Simulation 1 was not sufficient to determine whether this reflected a transient response to peptide insertion or a more persistent peptide-induced enhancement of bilayer thickness fluctuations. Figure 3 illustrates the polypeptide dihedral angles φ and ψ for each residue, other than terminal lysines, averaged over the course of the 8.5 ns trajectory of Simulation 1.
The overall average dihedral angles are ψ  = -42.2 o and φ = -63.6 o which is within the α-helical range. The helix is stable over the course of the simulation and there does not appear to be significant unraveling toward the ends of the helix. These results are consistent with the report, based on FTIR observations, that proteins composed of twelve LA subunits are transmembrane and retain α-helical conformation when incorporated in bilayers of phosphatidylcholines with varying acyl chain lengths .
The orientation of the simulated polypeptide was characterized by the tilt angle, τ, of the helix axis with respect to the bilayer normal and the azimuthal orientation, ρ, of the polypeptide about its axis. To define the azimuthal angle, a reference direction in the bilayer was obtained by taking the cross product of the helix axis and the bilayer normal.
This direction is well defined when the helix is tilted but more ambiguous as the helix orientation approaches the bilayer normal. A marker direction attached to the helix was obtained by projecting the alanine-14 methyl axis onto the plane perpendicular to the helix axis. The azimuthal angle ρ was then defined as the angle between the helix-fixed marker direction and the reference direction. Figure 4 illustrates the characterization of helix orientation using these angles. Figure 5 shows the helix tilt and azimuthal orientation along with the angles between the bilayer normal and the methyl axes of two alanines, 12 and 14, over the course of Simulation 1, in which the initial orientation of the polypeptide is along the bilayer normal. Figure 5A shows that after constraints on the polypeptide are lifted, at about 100 ps, the helix begins to tilt in order to accommodate the hydrophobic length of the transmembrane segment which is greater than the hydrophobic thickness of the bilayer interior. After an initial period of rapid reorientation, the tilt of the helix axis with respect to the bilayer normal continues to fluctuate slowly over the next 8.5 ns.
Figure 5B presents the time dependence of the polypeptide orientation about the helix axis over the course of the simulation. Changes in the angle ρ between the reference direction and the helix-fixed marker direction reflect rotation of the tilted helix about its axis. For a tilted helix, such rotations will change the portions of the helix surface that are oriented perpendicular to the bilayer normal and, in doing so, change the portions of the surface expected to be most accessible for interaction with neighboring polypeptides.
In figure 5B , this angle is not well defined during the intervals when the orientation of the helix axis approaches the bilayer normal, but otherwise this angle fluctuates rapidly with an amplitude of ~20° about an average orientation that appears to remain stable for periods of a few nanoseconds.
As the helix tilt grows and the orientation about the helix becomes clearly defined, the trend displayed in figure 5B is toward an angle of about -50º between the helix fixed reference and the bilayer fixed reference directions. As noted below, this is close to the orientation inferred from observed alanine methyl deuteron splittings. The methyl axis orientations plotted in panels 5C and 5D illustrate differences between the long and short timescale motions of the helix. Over short times, the methyl axis orientations fluctuate, with amplitudes of ~5°-8° about short term averages that, in turn, vary along with the helix tilt over a longer timescale. This observation suggests that for a given tilt of the helix axis, there is a preferred average orientation of the helix about that axis. Fluctuations about that preferred orientation are rapid but constrained in amplitude.
As noted above, the observation that different alanine residues are spectrally inequivalent implies a tilt of the polypeptide helix axis with respect to the bilayer normal, the adoption of a preferred polypeptide orientation about its helix axis and rapid rotation of the tilted helix about the bilayer normal with a correlation time of ~10 -7 s (Sharpe et al., 2002) . To obtain splittings from the simulation that can be compared to experimental observations, it is necessary to average the quadrupole interaction over timescales that are comparable to the characteristic timescale (~10 -5 s) of the quadrupole echo experiment and thus much longer than the duration of the simulation. We can estimate the average quadrupole interaction by assuming that the polypeptide undergoes axially symmetric reorientation about the bilayer normal. The expected splitting for deuterons on a given alanine methyl then reflects the average, over the simulation trajectory, of the angle between that methyl axis and the bilayer normal.
If the small asymmetry parameter for a CD bond is neglected, the 2 H NMR spectrum for a CD bond on a static, rigid molecule is a doublet with prominent edges split by Experimentally, the splittings for a polypeptide simultaneously deuterated on the methyls of alanine residues 8, 10, 12, 14, 16, 18, and 20 were found to be clustered within two ranges, 4-5 kHz and 11-14 kHz (Sharpe et al., 2002) . Use of selectively deuterated polypeptides allowed the splittings for residues 14 and 16 to be assigned as ~14 kHz and ~11 kHz respectively (Sharpe et al., 2002) . Alanine methyl splittings for residues 8, 10, 12, 18, and 20 were thus known to fall within one of the 4-5 kHz or 11-14 kHz ranges but could not be assigned more specifically.
As noted above, the possibility of rapid reorientation about the polypeptide helix axis was ruled out by both the magnitude and the inequivalence of these splittings. If the motion responsible for averaging of the quadrupole interaction were rotation about the polypeptide helix axis, θ in equation 2 would represent the angle between the C-CH 3 bond axis and the long axis of the transmembrane segment and the average would be over the simulation trajectory. For an ideal α-helix, the orientation of the C-CH 3 bond axis with respect to the molecular long axis is approximately 56 o . This is very close to the magic angle ( 54.7 o ), so that averaging of the quadrupole interaction by rapid reorientation about the helix axis would result in quadrupolar splittings being close to zero. In the simulation, the angles between the alanine C-CH 3 bond axes and the peptide long axis varied between 54 o and 59 o . If the polypeptide were assumed to rotate rapidly about the helix long axis, the splittings for the 7 alanine residues that were simultaneously deuterated in the experiments of Sharpe et al. (2002) would be expected to range from 0.16 kHz to 3.42 kHz. This spread reflects small departures from ideal α-helical geometry in the simulation. The splittings obtained from the simulation by assuming rapid reorientation about the helix axis are thus smaller and more uniform than the experimentally observed set of splittings, and fast rotation about the helix axis can be ruled out. The dominant axially symmetric reorientation must then be about the bilayer normal (Sharpe et al., 2002) .
For the case of rapid axially symmetric reorientation about the bilayer normal, the angleθ in equation 3 is defined to be between the bilayer normal and the C-CH 3 bond axis. For alanine residues 12 and 14, it is this angle that is plotted in panels C and D of itself, it is the more precisely determined average of this value that is experimentally meaningful. that might allow the lysines to maintain contact with the bilayer surface for larger helix tilt angles and possibly different orientations of the peptide about the helix axis. This particular effect has been referred to as "snorkelling" (Segrest et al., 1990; Killian and von Heijne, 2000) . The specific orientation adopted by the helix in a particular environment may be quite sensitive to details of the peptide-membrane interaction.
Simulation 2: polypeptide initially tilted
A second simulation was started by returning to the state of the bilayer at the end of the peptide-free equilibration and then inserting the polypeptide with an initial orientation obtained by fitting to experimentally observed alanine methyl deuteron quadrupole splittings of the corresponding polypeptide. As noted above, it is this orientation that is shown in Figure 4 . As the second simulation proceeded, the bilayer again accommodated itself to the presence of the polypeptide but, in this case, with an initial conformation more closely approximating experimental observations. Figure 7A shows the evolution of the helix tilt over the 10 ns simulation trajectory.
At about 2 ns, the tilt increased from about 14 degrees to about 22 degrees with an excursion to more than 30 degrees between 7 ns and 8 ns. Panel 7B shows the orientation of the polypeptide about its helix axis over the same period. It is interesting that even while the tilt departs significantly from its initial value in this simulation, the orientation about the helix axis during the last 2 ns of the simulation is similar to its value during the first 4 ns. It is also interesting that the overall trend in Simulation 1, as shown in Panel Table 1 . While the width of this distribution, relative to the largest splitting, is again comparable to that of the observed distribution, all of the splittings obtained from Simulation 2 are larger than observed experimentally. This reflects the increase, by about 10°, in the helix axis tilt angle away from its initial value over the course of the simulation.
The tilt of the polypeptide away from an initial orientation chosen to match observed alanine methyl deuteron splittings suggests that large excursions from the preferred average tilt are easily accommodated. The initial orientation of the polypeptide in Simulation 2 was chosen to match experimental observations that reflect the average of the orientation-dependent quadrupole interaction over the characteristic experimental timescale. The simulated bilayer, however, must adapt to the peptide insertion, and some initial perturbation of the tilt is expected. Some adjustment from the initial polypeptide conformation, particularly near the bilayer surface, is also expected. Accordingly, the extent to which transient orientations correspond to observed alanine methyl deuteron splittings during a short simulation may not be as instructive as a consideration of relationships between different orientational parameters as the system evolves.
It is interesting that the orientation of the polypeptide about its helix axis, as shown in panel 7B, returns to its initial value even as the tilt continues to move away from its initial value. The orientation about the helix axis is likely determined by interactions at the membrane surface and thus sensitive to the positions of the terminal lysines about the helix axis. Once these residues have been optimally positioned to interact with the surface, rotation about the helix axis may be significantly constrained. This would be consistent with experimental observations. This would also be consistent with the observation, in the first simulation, that orientation about the helix axis is tending toward the orientation seen through most of the second simulation.
The helix tilt appears to be less constrained. This may reflect the abilities of both the bilayer and the polypeptide to accommodate large fluctuations in polypeptide tilt. The bilayer can do so by local deformation of the surface. The flexibility of the lysine side chains also allows their charged groups to remain close to the bilayer surface while the polypeptide tilt varies. with the polypeptide close to the orientation that gives the best fit to observed alanine methyl deuteron splittings, the orientation about the helix axis appears to be maintained even as the helix tilt deviates significantly from the experimentally-observed average.
These observations suggest that in studies of transmembrane orientation using alanine methyl deuteron splittings, the tilt of lysine-terminated polypeptides may fluctuate substantially over timescales shorter than the characteristic time of the deuterium NMR experiment. Orientation about the tilted helix axis appears to be more tightly constrained by interactions at the bilayer surface.
While this study focused on lysine-terminated polypeptides, the constraint of orientation about the helix axis of a tilted polypeptide by interactions involving polar or charged residues near the membrane surface may be more general. Because this may affect the mutual accessibility of particular residues on adjacent polypeptides, studies of peptide-peptide interaction using model polypeptides may be sensitive to the axial arrangement of charged and polar residues at the peptide ends. that gives the best fit to observed methyl deuteron splittings for alanines 8, 10, 12, 14, 16, 18, and 20 . This is also the starting orientation for Simulation 2. Here n θ is the instantaneous angle between the bilayer normal and the methyl group axis for the alanine residue n and 2 / ) 1 ) ( cos 3 ( )) (cos( 
